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ABSTRACT
Improvements in Diffusion Weighted Imaging Through a Composite
Body and Insert Gradient Coil System
Peter Jepsen
Department of Electrical and Computer Engineering
Master of Science
Diffusion Magnetic Resonance Imaging (DMRI) is a class of Magnetic Resonance
Imaging (MRI) techniques with broad medical applications ranging from characterization
of tumors and brain damage to potential prediction of stroke. Gradient coil and signal-tonoise ratio (SNR) constraints limit spatial resolution, accuracy, and scan time in DMRI.
Achieving high b-values (measures of a scan’s sensitivity to diffusion) often require scans
with long diffusion gradient pulses, leading to significant magnetic resonance (MR) signal
decay before the signal can be sampled. This signal loss reduces the accuracy of diffusion
parameter estimation. The ability to sample the MR signal sooner while maintaining the
same b-value is restricted by the maximum amplitude and slew rate of gradient coils.
A composite system utilizing body and high-powered insert gradient coils can achieve
high b-values more quickly, enabling a shorter delay between excitation and signal sampling and improved accuracy of diffusion parameter estimation. Alternately, such a system
can achieve higher b-values at an equivalent delay between excitation and signal sampling.
This thesis describes the implementation of such a system, experiment design for evaluating the benefits of the system to DMRI, and design of a diffusion phantom. Also included
are a characterization of a composite system’s improvements to DMRI based on analysis
of experimentally-obtained data and simulation results validating those findings. Finally,
recommendations for further improvements to diffusion MRI are given.

Keywords: diffusion MRI, DWI, DTI, composite system, insert gradient coils
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Chapter 1
Introduction
Magnetic Resonance Imaging (MRI) is an extremely flexible medical imaging modality that manipulates the magnetic moments of certain atoms to provide contrast between
different biological materials and structures. Some of the benefits of MRI include being
non-invasive, not involving harmful radiation, and having the flexibility to capture various
physiological phenomena and anatomical structures (such as soft tissue) better than other
imaging modalities. Diffusion Magnetic Resonance Imaging (DMRI) is a class of MRI techniques, which characterize diffusivity in the scanned area by measuring the movement of
resonating atoms. It is difficult to obtain sufficient signal-to-noise ratio (SNR) levels for
DMRI scans capable of detecting small differences in diffusivity. High levels of diffusion
sensitivity and SNR are desirable for accurate diffusion parameter estimation. Compared to
a traditional system, a composite system using body and insert gradient coils provides the
ability to obtain images with higher signal levels at a fixed diffusion sensitivity or images
with equivalent signal levels but with higher diffusion sensitivity.
1.1

Motivation
Diffuion MRI captures the amount of unrestricted movement of molecules in scanned

area. Various biological tissue compositions, physiological processes, and multimolecular
structures allow varying levels of molecular motion and can therefore be differentiated by
diffusion parameter estimation. One of the most common applications of diffusion MRI
is neuroimaging, where it is valuable to characterize connectivity of tissue structures and
map regions of cerebrospinal fluid (CSF), blood, water, white matter brain tissue, grey matter brain tissue, and other biological structures. Mapping these biological characteristics is
widely useful in fields of medicine and neuroscience. Medical applications of DMRI include
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evaluation of traumatic brain injury and stroke damage, characterization of tumors, and
diagnosis of brain infections and diseases such as Creutzfeldt-Jakob disease [1]. Diffusion
MRI is an important part of Alzheimer’s disease research and has also shown potential to
revolutionize breast cancer detection and predict stroke [2, 3, 1]. Improving diffusion parameter estimation can yield significant clinical benefits. A reduction in the spread of diffusion
parameters for a region of uniform diffusivity indicates an improvements in the accuracy and
consistency of the process. A system or imaging technique able to achieve such a reduction can allow radiologists to better resolve tissue structures and barriers. More accurate
diffusion parameter estimation would be especially important in advancing tumor histology
because radiologists could better ascertain the composition of diffusing substances, distinguish regions of diffusivity, and determine the sheer volume of diffusing material. Increasing
spatial resolution of three dimensional diffusion parameter figures would also bring significant contributions to breast cancer detection and mapping brain tracts [3, 4, 5]. For many
applications, achieving a sufficient SNR at high diffusion sensitivity is difficult. Scans that
capture small increments of diffusion and obtain good SNR levels show potential to improve
cancer detection and to predict the success of cancer treatment. [6, 7, 8].
1.2

Previous Solutions
To achieve high diffusion resolution without high power gradient coils, the scan time

must be extended to allow diffusion in the subject to produce the same effect [9, 10]. This
approach is also problematic because SNR levels decrease as scan time increases. Mitigating
the drop in SNR levels could be done by averaging more diffusion scans or by sacrificing
spatial resolution. High power gradient coils in a whole body system can achieve high levels
of diffusion sensitivity quickly but run a great risk of causing pain to patients due to quick
changes in strong magnetic fields. Using smaller-sized insert gradient coils to augment body
gradient coils can reach high SNR and diffusion sensitivity levels while reducing the risk of
patient discomfort. Scanning with insert gradient coils expands clinical gradient operating
capabilities because of the reduced risk of patient discomfort [11], [12], [13]. Insert gradients
with very linear fields are difficult to manufacture. Scans are not performed solely with
non-linear insert gradient coils because the resulting images will be greatly distorted.
2

1.3

Novel System
A composite system incorporating body and insert gradient coils can add key flexibil-

ity to DMRI techniques. Selection of the imaging region can be done very precisely with the
body gradient coils. The insert and body gradient coils can then be used independently or
concurrently to apply magnetic fields in a manner that exploits the effects of diffusion. Part
of the signal acquisition process can also be performed by the insert gradient coils, body
gradient coils, or jointly.
1.4

Previous Usage of Insert Gradient Coils
Insert gradient coils have been used to achieve high gradient field strength for func-

tional MRI techniques and to get high diffusion sensitivity for DMRI [14], [15]. Previous
DMRI uses of insert gradient coils have only been used to image in a single diffusion direction [15]. The composite system used to produce the results in this thesis yielded more
robust results by acquiring and evaluating practical characterization of diffusion-especially
because there are no clinical applications for only single-direction diffusion data. This robustness is realized because multiple direction diffusion data can be obtained without moving
coils between scans (which would make image registration and artifact detection extremely
difficult).
1.5

Contributions
When used simultaneously to measure diffusivity, body and insert gradient coils can

collectively achieve strong magnetic fields while restricting the largest magnetic field changes
and risk of discomfort to the area of interest. When compared to a stand-alone body magnet,
this composite system can reach a higher diffusion sensitivities at an equivalent scan time, or
achieve the same level of diffusion sensitivity at a shorter scan time. These scans will produce
better images and improve the accuracy of diffusion parameter estimation. The flexibility of
either 1) higher SNR for a given diffusion sensitivity and resolution, 2) finer spatial resolution
at equivalent diffusion sensitivity and SNR, or 3) better estimation of diffusion parameters
at equivalent resolution and diffusion sensitivity provides opportunities for improved DMRI
clinical scans.
3

An experimental composite gradient system has recently been developed by our colleagues at the University of Utah. In this thesis, we demonstrate how a composite system
of both body and insert gradient coils can offer the expected benefits to DMRI. Outlined in
the thesis are:
1) a measure to evaluate diffusion parameter estimation,
2) an experimental procedure to evaluate improvements made by the system,
3) a design for a diffusion phantom,
4) quantization of expected improvements as determined by computer simulations,
5) data comparison between images obtained through the experimental procedure
and the images acquired by traditional methods,
6) and recommendations for future research.
Specifically, we show that such a system can provide improved estimation of diffusion
parameters by scanning with a shorter echo time at a set diffusion sensitivity or with a
higher level of diffusion sensitivity at the same echo time. Image SNR levels can also be
traded for finer spatial resolution in order to construct better three dimensional diffusion
figures. These results were obtained by scanning a diffusion phantom with the composite
gradient system and were verified to be consistent with a Monte Carlo simulation of diffusion
parameter estimation.

4

Chapter 2
Background
2.1

MRI
Magnetic Resonance Imaging (MRI) is a very useful form of medical imaging. The

field of MRI consists of many different imaging techniques that utilizes electromagnetic radio
frequency (RF) energy and magnetic fields to acquire information scanning target. The
framework of MRI was created by extending the principles of Nuclear Magnetic Resonance
(NMR) to acquiring multi-dimensional data of the human body. The basic principle of
NMR and MRI is that atoms of specific isotopes that are in the presence of a magnetic field
will absorb and give off RF energy of a certain frequency [16]. The RF energy emitted by
these ’resonating’ atoms is called a magnetic resonance (MR) signal. Magnetic Resonance
Imaging machines produce images by producing a strong magnetic field (known as the B0
field), providing RF energy for atoms to absorb, and capturing emanating MR signals with
receive coils. The process of providing RF energy to the atoms in the target region is called
excitation and the process defining the target area is called slice selection. The time between
excitation and the acquisition of MR signal by the receive coils is termed the echo time (TE).
Certain isotopes with a nucleus that is formed by an odd number of particles have
a nuclear spin and nuclear angular spin momentum. This angular spin momentum of the
charged nucleus creates a nuclear magnetic dipole moment. The gyromagnetic ratio is a
quantity that relates the magnetic dipole moment of an isotope’s nucleus with its angular
spin momentum. The magnetic moments of these isotopes can be influenced by magnetic
fields and allow the atoms to resonate. Magnetic resonance signal levels are proportional to
the number of resonating atoms and the target isotope’s gyromagnetic ratio. Hydrogen-1,
with only a proton comprising its nucleus, is one of the isotopes that will resonate under the
conditions described above. Hydrogen-1 has a large magnetic moment and one of the largest
5

gyromagnetic ratios of resonating isotopes. Hydrogen atoms are very prevalent in the body
(such as in water and fat) and are basically all Hydrogen-1. Of the resonating isotopes found
in the body, Hydrogen-1 atoms give off the strongest MR signal and are therefore targeted by
most MRI scans. The experiments presented in this work were designed to excite Hydrogen-1
atoms, but the findings are applicable to scanning other resonant isotopes.
The MR signal levels produced by resonating atoms decrease over time. The rate of
MR signal decay is proportionally related to their nuclear magnetization The magnetization
of nuclei is largely determined by the tissue environment in which resonating atoms reside.
Magnetization is mathematically modeled by the Bloch equations (Equations 2.1, 2.2, and
2.3), which incorporate exponentials and molecule-specific constants. The terms Mx , My ,
and Mz are components of nuclear magnetization while γ is the gyromagnetic ratio and B
is the magnetic field strength.
dMx (t)
Mx (t)
= γ(M (t) × B(t))x −
,
dt
T2 ∗

(2.1)

dMy (t)
My (t)
= γ(M (t) × B(t))y −
,
dt
T2 ∗

(2.2)

Mz (t) − M0
dMz (t)
=−
.
dt
T1

(2.3)

and

These equations are often combined with the variable M̂ being a magnetization vector:
dM̂
Mx î + My ĵ (Mz − M0 )k̂
= γ M̂ × B̂ −
−
.
dt
T2 ∗
T1

(2.4)

Changes in magnetization are also described by separating the transverse (X and Y
directions) and longitudinal (Z direction- along the B0 field) components. The excitation
step mentioned above is performed by the MRI scanner emitting a 90 degree RF pulse
that causes the X and Y components of the magnetization vector to precess or in other
words rotate circularly around the MRI scanner’s B0 magnetic field. The cross product
between the magnetization vector, M , and the magnetic field strength, B, in these equations
represents this state of precession. The other two quantities describe energy dissipation due
to magnetization relaxation and are factors of the surrounding tissue’s structure.
6

A spin-spin or T2 relaxation constant can be used to model the MR signal amplitude
decay of the radiated signal over time after the molecule is initially excited. However,
magnetic field inhomogeneity causes signal attenuation faster than T2 relaxation. This
effect on the specific molecule is represented by the parameter T2*. The spin lattice or T1
relaxation constant characterizes how quickly the molecules magnetic moment relaxes in the
direction of the static B0 magnetic field (in the longitudinal plane), which determines how
much RF energy can be absorbed during another excitation pulse. Since contrast in the MR
signal is largely determined by tissue structure and the target isotope, tissues in the excited
area can often be determined and differentiated from other tissues by analysis of the MR
signal captured by receive coils. Further manipulation of the magnetization vector and MR
signal can be accomplished by MRI machine coils.
A MRI scanner has four sets of powerful coils to provide magnetic fields in each of
the three principle axes as well as the capability to transmit and receive RF energy at the
desired frequencies. The strongest coils provide a constant magnetic field in the Z direction
(the B0 field). The remaining coils, called gradient coils, generate magnetic fields in the X,
Y, and Z directions with spatially varying field strength. During the initial RF excitation
pulse, one set of gradient coils applies a magnetic field so that only atoms in a single planar
region or slice are able to absorb the right frequency of RF energy and resonate. This process
is called slice selection. After the excitation and slice selection steps, gradient coils may be
used to better identify and differentiate specific tissue structures and physiological processes.
A variety of pulse sequences (patterns of magnetic field and RF pulses) have been developed
to manipulate the magnetic moments of and elicit different MR signal responses from excited
atoms in various types of biological tissue. During the signal acquisition process, gradient
fields are applied to the two axes of the excited slice in order to spatially increment the phase
of the MR signal along one axis and frequency along the other axis. Receive coils sample the
MR signal. Each data sample represents the frequency content of MR signals at a specific
frequency and phase. Samples are stored in a matrix, called a k-space matrix, with one
axis being the frequency-encoded (or frequency-varied) axis and the other representing the
phase-encoded axis. The two-dimensional Fourier transform of a k-space matrix produces
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an image. Since the image has depth (each slice has some thickness) the spatial units in an
image are called voxels instead of pixels.
Image quality and clinical usefulness for MRI techniques is typically determined by
spatial resolution and the signal-to-noise ratio (SNR) levels. The spatial resolution is determined by coil characteristics (phase and frequency varying abilities of the coils) and specified
pulse sequence parameters. As described earlier, slice selection determines the planar width
within which molecules will radiate RF energy and the gradient coils provide the gridding
inside the excited plane. With fewer molecules to resonate in a smaller three dimensional
region, a MRI scan sequence with a smaller specified voxel size will produce more detailed
images, but with lower SNR levels. The selected voxel size, proscribed number of frequency
encoded samples in the k-space matrix, and performance of the gradient coils determine the
receiver bandwidth, which is inversely proportional to SNR level.
By manipulating magnetic moments, MRI pulse sequences can contrast between from
various biological structures as well as capture several chemical and physical properties. One
important subset of MRI pulse sequences captures the diffusivity of molecules in the excited
area.
2.2

Diffusion MRI
Diffusion MRI exploits the physical property that atoms in an area will lose magnetic

moment alignment coherency at a rate relative to their motion. The form of the magnetization equation modified to include the effect of diffusion is known as the Bloch-Torrey
equation:
dM̂
Mx î + My ĵ (Mz + M0 )k̂
= γ M̂ × B̂ −
−
+ O · DOM̂ .
dt
T2 ∗
T1

(2.5)

In this representation, M̂ is the magnetization vector, γ is the gyromagnetic ratio,
O is the mathematical gradient operator, and D is a tensor matrix of diffusion values. The
solution to this equation involves several pulse sequence-dependent factors including the
gradient magnetic field amplitude G and the echo time T E. The solution is the following:
1

M̂ = M̂Bloch e− 3 γ

8

2 G2 T E 3

,

(2.6)

but is often approximated as
M̂ = M̂Bloch e−bD

(2.7)

where the factor b is a measure of a pulse sequence’s sensitivity to capturing the effects of
diffusion.

No Diffusion
Pulse Sequence timing diagram

time

RF
GradientSice Selection
GradientPhaseEncoding

Effects on the spatial region

x

Signal Phase

Gradient magnetic field profile
Increasing magnetic field

Figure 2.1: The first step in a diffusion scan is to apply a gradient magnetic field to encode
phase in the MR signals as represented by the orange arrows in the box, which represents a
spatial region. The blue arrows show how phase is changing. The gradient coil used to produce
the magnetic field pulse in this figure is the X gradient coil.

Allowing time for enough motion, each voxel of a diffusion-weighted image gives a
representation of how much unrestricted atomic motion occurs within the voxel. Images
can therefore capture tissues of various structure and composition. Capturing the effects
of diffusion requires several gradient coil pulses. This process will be described first by
explaining how the pulse sequence effects an hypothetical area void of molecular movement
and then will be described for a diffusive region.
9

The first step after excitation is to use gradient coils to produce a spatially varying
magnetic field. As shown in FIgure 2.0, applying a magnetic field with the X gradient
coils encodes spatially-varying amounts of phase (in the MR signals) across the excited slice
(targeted area) in the X direction. This magnetic field pulse is called a diffusion pulse.

No Diffusion
Pulse Sequence timing diagram

time

RF
GradientSice Selection
GradientPhaseEncoding

Effects on the spatial region

x

Signal Phase

Gradient magnetic field profile

Increasing magnetic field

Figure 2.2: With no movement by the molecules, a second diffusion pulse applies the opposite
phase as the first diffusion pulse and restores the MR signals to their original phase (as shown
by the orange arrows). The blue arrows show how phase is changing. The same X gradient
coil is used to provide both diffusion pulses.

A second diffusion pulse is then performed by the same gradient coil in a way that
negates the phase introduced by the first diffusion pulse. This is represented in Figure 2.1 by
showing a negative amplitude gradient amplitude pulse that provides the opposite amount
of phase at each spatial location as was applied by the first diffusion pulse. Since there is no
molecular movement in this scenario, the molecules retain their positions and are completely
rephased or in other words brought back to their original phase.
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In this scenario, the only difference between the MR signal before the first diffusion
pulse and after the second diffusion pulse is the signal attenuation due to T2* effects.

Diffusion
Pulse Sequence timing diagram

time

RF
GradientSice Selection
GradientPhaseEncoding

Effects on the spatial region

x

Signal Phase

Movement
Gradient magnetic field profile

Increasing magnetic field

Figure 2.3: Phase is represented by the orange arrows and the accrual of phase is depicted
with blue arrows. The movement (shown by green arrows) of molecules results in a net phase
after the second diffusion pulse for the displaced molecules. The result is a reduction in sampled
MR signal amplitude because less of the MR signals are in-phase.

For a realistic region with a temperature above 0 K, molecules are constantly moving
or diffusing. For explanation purposes, we will consider only the X component of diffusion.
In this scenario, resonating atoms are in a different position along the X direction so the
second diffusion pulse does not apply exactly the opposite amount of phase. The net phase
is proportional to how much the molecule has moved. In Figure 2.2, the top-center and
top-right molecules switch places as do the bottom-left and bottom-center molecules. As
is shown in the final box of Figure 2.2, the phases of the MR signals emitted from those
molecules are not in their original position. If the box were to represent a single voxel, the
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net MR signal from that voxel is reduced because some individual MR signals have residual
phase. The signal attenuation is indicative of the amount of diffusion in that voxel space.
The top-left and bottom-right molecules are references and reflect no X direction
movement (which could happen depending on the rigidity or density of the tissue structure).
This situation could also happen if molecules moved away from their initial positions but
returned to those positions (which happen due to molecular interactions in dense tissue).
Note that in both scenario, molecules could have moved in the Y or Z directions and still be
rephased. Thus, diffusion is only detectable in the direction of the diffusion pulse for that
specific scan.
Figures 2.0, 2.1, and 2.2 also show that the magnetic field strength and duration of
the diffusion pulses determines the phase applied to the MR signals.

Figure 2.4: This figure is a pulse sequence diagram of the single shot EPI pulse sequence.

As described, this procedure completely realigns stationary molecules but the MR
signals of resonating atoms in diffusive regions are dephased (resulting in a lower received
RF signal amplitude). The resulting image is compared to a scan without a diffusion pulses
but with the same echo time to determine the amount of signal attenuation due to diffusion
in that direction. In actual practice, there are other effects that can cause dephasing in the
MR signal. For this reason, a 180 degree RF pulse is performed to rotate magnetization
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vectors 180 degrees, which makes the MR signals have a negative phase of the same amount.
One way to see this is by reflecting the orange phase arrows in the far right box of 2.0 around
the vertical axis. This causes the other sources of dephasing to now have a rephasing effect.
In this situation, the second diffusion pulse in the pulse sequence is identical to the first
because the same pulse will now add phase and bring the MR signal phase closer to their
original state. This implementation is shown the single-shot echo planar imaging (ssEPI)
pulse sequence, Figure 2.3, which is one of the most commonly used pulse sequences for
DMRI:
A scan’s sensitivity to diffusion, or b-value, is determined by the scan’s potential
to provide a large range of phases to the MR signals. Specifically, b-values increase with
diffusion pulses of higher amplitude magnetic field amplitudes and over longer periods of
time. Typically scans with b-values of 500 or 1000 s/mm2 are compared with a b=0 s/mm2
scan (no diffusion pulses) to determine the effects of diffusion. To determine the b-value of
a general scan (with a gyromagnetic ratio γ, echo time T E, and gradient coil magnetic field
strength G), the following calculation is used:

b=γ

2

Z

TE

t

Z

G(t0 )dt0 ]2 dt.

[
0

(2.8)

0

This value is related to the phase accrued at that position (x) at a time u:
Z

u

G(t)x(t) dt.

phase = γ

(2.9)

0

Stationary molecules will accumulate phase with the diffusion pulse, but will be
rephased completely by an equal accumulation of phase in the opposite direction when the
second diffusion pulse is applied. Changes in the position (represented by the x values in
2.9) of diffusing molecules will cause a net phase to remain. As previously mentioned, these
equation show that higher gradient coil amplitudes can produce higher phase differentials
and thus more sensitivity to diffusion (or higher b-values).
Using simplified rectangular pulses to represent a ssEPI pulse sequence (Figure 2.3),
the equation for calculating a b-value is:
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δ
b = γ 2 G2 δ 2 (4 − ).
3

(2.10)

In this equation, δ is the duration of the diffusion pulses of the scan sequence. The symbol
4 represents the time between the start of the first diffusion pulse and the start of the
second (refocusing) diffusion pulse. This term accounts for the time required to perform the
180 degree RF pulse in order to start rephasing magnetic moments. These terms are shown
graphically in the pulse sequence diagram portrayed by Figure 2.4.
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G

RF
GradientSice Selection
GradientPhaseEncoding
GradientFrequencyEncoding
SignalResonatingFromTissue

∆

Echo time

δ

Figure 2.5: This ssEPI pulse sequence diagram shows the factors involved in determining a
scan’s b-value.

Calculating b-values is essential to accurately determining diffusion parameters. Several useful measures of diffusion parameters can be calculated from these images. Parameters
are calculated for each voxel and are represented in two dimensional maps or three dimensional figures. These parameters include apparent diffusion coefficients (ADC), which use
information from two different b-value scans in the same diffusion direction to solve the
Stejskal-Tanner equation (Equation 2.11) In this equation, S1 and S0 represent signal levels
for voxels in the same image location but acquired by scans with different b-values. In the
basic equation, S0 represents signal from a b=0 s/mm2 . Variables δ and 4 are respectively
the durations of diffusion pulses and time between the pulses. The gradient amplitude is
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manifest in this equation by the variable G. As described earlier in this chapter, γ, is the
gyromagnetic ratio and is a major factor in determining the RF frequency at which atoms
of the targeted element will resonate. Finally, D is the amount of diffusion.
δ
S1
2 2 2
= e−γ G δ (4− 3 )D .
S0

(2.11)

This equation is solved for D to give an estimation of the diffusivity of the voxel.
An ADC trace map shows relative measure of isotropic diffusion and is formed by averaging
values of corresponding voxels from X, Y, and Z diffusion direction ADC maps.
These principles are extended in Diffusion Tensor Imaging (DTI), where images acquired for at least six diffusion directions are combined to fill a second order tensor matrix:
D=
Dxx Dxy Dxz
Dyx Dyy Dyz .
Dzx Dzy Dzz
Cross-axis diffusion direction data (such as Dxy ) is obtained by simultaneously producing
diffusion pulses from two different gradient coil (for Dxy , X and Y gradient coils are used
concurrently). Tensor data for each voxel can then be represented by an ellipse to geometrical display more precise information of anatomical structure. The main application of DTI is
neuroimaging where images of multiple slices are combined to create three dimensional representations of tracts and neural pathways. The analog of ADC values for DTI sequences with
full tensor data is bulk diffusivity, which is the average value of diffusion tensor eigenvalues.
Fractional Anisotropy (FA) values use differences in the eigenvalues of the diffusion
tensor matrix to show the orientation of greatest diffusivity and how directional the molecules
diffuse in each voxel space. Patterns in FA maps are often interpreted to represent axonal
diameter, fiber density, and white matter myelination (the electro-chemical structure surrounding some axons) [17].
r p
3 (λ1 − λ2 )2 + (λ2 − λ3 )2 + (λ3 − λ1 )2
p
FA =
.
2
λ21 + λ22 + λ23

15

(2.12)

Chapter 3
Methods
Diffusion-weighted images (of a multi-region phantom) were acquired using a modified
single-shot Echo Planar Imaging (ssEPI) pulse sequence with a composite gradient system.
This system consisted of a 3 Tesla (T) Siemens Trio Magnetic Resonance Imaging (MRI)
scanner and custom-built high-power insert gradient coils.
3.1

Coils
The key to this innovative system is the capability to concurrently use powerful insert

gradient coils with the body magnet’s gradient coils. The insert gradient coils (see Figure
3.1) in this system were built by Doctor Blaine Chronik of the University of Western Ontario.
The 3T Siemens Trio scanner has built-in gradient coils of 45 mT/mm in the Z direction
and 40 mT/mm in the other directions. The insert gradient coils can achieve maximum
amplitudes of 80 mT/m in the X and Y directions and 90 mT/m in the Z direction at
slew rates exceeding 400 T/m/s so they can match or double the gradient field strength of
the body gradient set. It is important to note that the insert gradient coils can reach their
maximum gradient field strength amplitude in the same amount of time as the body gradient
set, leading to slew rates that match or double the slew rates of the body gradients. Thus,
when the insert gradient coils are operated concurrently with the body gradients, maximum
gradient amplitudes and slew rates are achievable up to three times the maximum gradient
amplitudes and slew rates of the body gradient alone. The field produced by the insert
gradient coils is fairly linear in magnetic field strength and across the coils’ operating range.
Insert gradient coils require their own electronics rack of control and processing hardware.
The insert gradient coils are positioned inside of the bore of the MRI scanner close
to the scanner’s iso-center in order to reduce field inhomogeneity. Figure 3.1 shows the
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configuration of insert gradient coils and the MRI scanner that allows for composite imaging.
A different computer than the one that drives the body scanner is needed to interface with
the insert gradient control electronics. This computer runs the same Siemens software as
the body scanner computer. Using the body magnet’s main magnetic field, the hardware
and software provide functionality for the insert gradient coils to perform scans itself. While
radio frequency (RF) transmission and slice selection can be done by the insert gradient
coils, even slight inhomogeneity in the field can cause slice warping and greatly distort
images (See Chapter 2 for more information about pulse sequence steps such as excitation,
slice selection, and signal reception). For the composite system, body magnet coils can
be used for RF transmit and slice selection to avoid these artifacts. Signal reception of
the Magnetic Resonance (MR) signals emitted by resonating atoms cannot be done by the
body magnet coils in composite mode. This is due to the RF shielding around the insert
gradient coils. The signal reception or acquisition processes is also called readout. For our
experiments, four single loop coils placed around the phantom to receive signal. The different
magnetic gradient field characteristics of the insert gradient coils compared to the body

Figure 3.1: This is an image of the insert gradient coils used for the experiments described
in this document.
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scanner’s gradient coils (due to closer proximity and inherent coil properties), changes the
signal acquisition bandwidth. This signal acquisition bandwidth is formally called receiver
bandwidth. A different receiver bandwidth will capture an image with different spatial
resolution and signal-to-noise ratio (SNR) levels. Utilizing these insert gradient coils, the
composite system used in this study has a greater spread of magnetic field strength and
therefore achieves a narrower acquisition bandwidth and higher SNR levels.

Figure 3.2: This is an image of the composite system with insert gradients inside the bore of
the scanner and connected to the control hardware through the many visible cables.
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3.2

Pulse Sequence and Scan Configurations
Diffusion MRI measures the diffusivity within each voxel and can be sensitive to

diffusion on the order of tens of micrometers. However, extracellular diffusion and motion
dominate intracellular diffusion. While this is advantageous in distinguishing regions of cerebrospinal fluid (CSF) or pulsating blood from more solid tissue structures, small movements
by a patient can render images unusable. These motion distortions can be minimized using
a short duration pulse sequence. For this reason, the majority of clinical diffusion procedures use a diffusion single shot EPI sequence. This sequence acquires the entire k-space
data at user-specified resolution in a single RF excitation. While the timing constraints of
this pulse sequence limit the resolution or field of view, motion artifacts are reduced during
each scan and between consecutive scans. These properties allow averaging of iterated scans
(acquired with the same scan parameters) to be effective and improve SNR. This also allows
data from imaging across various diffusion directions to be combined accurately and with
minimal image registration processing. These benefits are critical in constructing diffusion
parameter maps, such as apparent diffusion coefficient (ADC) maps, from diffusion weighted
images and can be applied to most other diffusion MRI techniques.
Siemens’ stock diffusion pulse sequence is the Twice-Refocused Spin Echo (TRSE)
pulse sequence, which uses trapezoidal pulses with extra gradient pulses at the beginning and
end to minimize eddy current distortions [18]. In actual practice, the square shape pulses in
many pulse sequence diagram representations can be more accurately depicted as trapezoidal
pulses because coils cannot achieve their maximum field strength instantaneously. The time
it takes coils to reach the specified magnetic field amplitude is known as the rise time, ζ. The
following equation is the b-value calculation for a TRSE sequence where the eddy current
pulses (the first and last pulses) have the same time duration (δ1 = δ4 ) and the main diffusion
pulses (in the middle) are of duration (δ2 = δ3 ). The other factor for calculating the b-value
is T180 , which represents the time it takes to do a 180 RF pulse and also the time between
eddy current and diffusion pulses. This equation is valid for sequences acquiring data for up
to 6 diffusion directions (filling a second order tensor). This labeled pulse sequence diagram
is shown in Figure 3.2 and the equation for calculating a b-value for this sequence is:
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γ 3 (δ1 + δ2 )γ 3
2
−
) − δ12 (2(T180 + ζ))].
b = γ 2 G2 [ (δ1 + δ2 +
3
30
6

(3.1)

This equation is the result of taking the derivation found in the appendix of the dissertation ‘Generalized Diusion Simulation-Based Tractography’ ([19]) and coupling it with the
standard b-value equation for trapezoidal pulses:
δ
ζ3
δζ 2
b = γ 2 G2 δ 2 (4 − ) +
−
.
3
30
6

T180
G

90 RF

(3.2)

T180

180 RF

180 RF

-G

Figure 3.3:
A ssEPI sequence is modified into TRSE sequence by altering the RF and diffusion gradient
pulses as shown in this diagram. The way this sequence minimizes eddy-current distortions
caused by gradient coils is also displayed. This diagram is a modified version of a diagram from
the academic paper introducing the TRSE sequence [18].

The composite system is designed so that diffusion pulse sequences designated by
the body magnet computer and insert gradient computer are aligned so that the maximum
gradient amplitudes are reached at the same time. In fact, the insert gradient waveforms
are simply scaled versions of the waveform played on the body gradient. Sequence timing
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between the insert and body gradient coils is synchronized by the body magnet computer
sending a trigger pulse to the insert gradient computer. When the insert gradient coils are
set to match the maximum gradient amplitude of the body gradient coils, effective slew rate
and gradient amplitude are doubled. As dictated by the b-value equation for the sequence,
this doubling of gradient amplitude corresponds to a quadrupling of effective b-value. In
triple mode, where the insert gradients provide double the strength of the body magnet’s
gradient coils, the field applied is three times what it would be with only the body magnet’s
gradient coils. The effective b-value for triple mode is nine times that of the proscribed body
magnet pulse sequence.
3.3

Experiment Design

Measurement of Improvement
The typical measure of the quality of MRI images is an image’s SNR, which is also one
of the improvements expected from scanning with a composite system. The calculations to
estimate diffusion parameters involve differences between values in multiple images making
the SNR in the traditional sense an irrelevant quantity for diffusion parameter maps. While
the SNR can be calculated for each image acquired with a diffusion pulse sequence, the voxel
values of a single image (without comparison to data acquired with a different b-value) are
not clinical applicable. To characterize the improvements of the composite system and the
quality of diffusion parameter maps, we decided to compare the standard deviation of a large
number of diffusion parameter estimates within a region that is expected to have identical
diffusion characteristics. A lower standard deviation of diffusion parameter estimation is
expected to correspond to a more accurate measurement.
Since a region of the same diffusivity and chemical composition should give uniform
values for voxels enclosed in the region, measuring the spread of diffusion parameter values within such a region provides a useful representation of diffusion parameter accuracy.
A decrease in this measurement does reflect higher SNRs in the images acquired, but also
quantifies the enhanced representation of scanned biological structures. This enhancement
is clinically important because it may lead to improved interpretation of diffusion parameter maps. Specifically, a lower standard deviation corresponds to 1) diffusion parameter
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estimates being closer to the actual value of diffusivity, and 2) more defined anatomical
boundaries and features.
Expected Results
With higher maximum amplitudes and faster slew rates for applying diffusion gradient pulses, the composite system can reach a specified b-value faster than a diffusion scan
performed by the body magnet only. A shorter interval between excitation and readout translates to less T2* signal decay at the time of readout. Signal decay and relaxation parameters
(such as T2*) are discussed in the MRI section of Chapter 2 (Section 2.1). The increased
SNR in the acquired images translates into improved estimation of diffusion parameters.
Alternatively, the composite system’s improved ability to apply diffusion pulses allows
for scans to achieve higher b-values with the same echo time. This is beneficial because
it improves scan sensitivity to diffusion with an equivalent level SNR in each scan. The
potential for higher SNR can also be traded for finer spatial resolution when creating three
dimensional diffusion parameter figures by getting similar signal levels with a smaller voxel
size.
Scanning Target Selection
Diffusion weighted images of a phantom were taken to highlight the benefits of the
augmented diffusion pulse capabilities of the composite system. To demonstrate the benefits
the composite system to DMRI, we focused on evaluating the improvements that could be
made for single-slice diffusion weighted imaging of the three principle axes. A number of
precautions were taken to minimize unrelated influences and isolate the improvements offered
by the system. To properly compare image data, scans were performed with all the same
imaging parameters except for specified echo times and b-values. Phantoms are artificial
MRI scanning targets and have several advantages in experimental scanning compared to
in-vivo or ex-vivo animals or humans. Creating a diffusion phantom provided us with a
tool to diagnose system problems and remove extraneous physiological issues. With known
substances and geometries in the phantom, scan results can be simulated and compared to
experimental diffusion results. Since most phantoms have static characteristics, they give
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consistent results for scanning over time and across scanner platforms. Human scans are
subject to peripheral nerve stimulation (PNS) guidelines. These guidelines are designed to
prevent patients from experiencing pain and discomfort that can occur during large changes
in magnetic field strength over a short period of time. Since phantoms are not living, PNS
risk is completely eliminated when scanning phantoms. For these reasons, we decided to use a
phantom to test the system and showcase the improvements. In order to have a high-fidelity
simulator and ensure proper scan parameters were selected, we scanned the phantom with
spin-echo and gradient-echo pulse sequences. This allowed us to find values that accurately
model the T1 and T2* relaxation properties to be expected when scanning the phantom.
3.3.1

Scan Procedure
To collect data representative of clinical Diffusion Weighted Imaging (DWI) scans,

DWI scans for X, Y, and Z diffusion directions as well as a b= 0 s/mm2 scan were performed
with just the body gradient coils producing the diffusion pulses. These scans were taken
with the insert gradient coils inside the bore of the magnet so that the same regions or slices
could be compared. Adjustment of phantom position or insert gradient coils would make
slice alignment impractical. To ascertain potential mutual coupling, mutual inductance, or
insert gradient RF shielding issues, these scans were compared to DWI scans taken with just
the phantom and receive coils inside the magnet (without the presence of insert gradient
coils). A b-value of 1000 s/mm2 was specified for these scans because it is a common bvalue in clinical practice and because we can esily achieve that b-value when scanning with
the composite system in double mode.
Diffusion scans (for X, Y, and Z directions) were then performed in double mode with
the insert gradient coils applying the same gradient pulses as the body magnet gradient coils.
In double mode, the pulse sequences were changed so that the body and insert coils would
each independently produce a b-value of 250 s/mm2 , which results in a combined b-value of
1000 s/mm2 . Keeping a consistent effective b-value for each scan, the composite gradient
drastically shortened the diffusion pulses and reduced the echo time of the scan. A b= 0
s/mm2 scan was also performed to acquire the reference image. All scans were performed
using the shortest echo times at which the specified configuration could achieve the desired
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effective b-value. Scan sets were also taken with readout being performed by both insert
gradient and body magnet gradient coils. Differences in bandwidths and SNRs make these
images incomparable with the control images. Other than the diagnostic DWI scan without
the insert gradient coils inside the body magnet, all scans were performed consecutively to
minimize any influences by environmental factors (such as temperature, factors contributing
to noise). Slice volumes for these scans were set at 1.5 X 1.5 X 5 mm. A partial Fourier
technique was employed to reduce echo times while still acquiring enough data to fill a kspace matrix and form an image (Section 2.1 gives an explanation of k-space matrices). Scan
parameters were set to acquire only 75% of a k-space matrix, but the remaining values can
be determined by exploiting the conjugate symmetry property of the Fourier domain.
3.3.2

Data Processing
In clinical practice, radiologists interpret DWI scans from images and diffusion pa-

rameter maps created by the MRI scanner’s built-in image reconstruction software. Scanners
such as the Siemens Trio scanner system produce images in the industry standard Digital
Imaging and Communication in Medicine (DICOM) file format. A true improvement in
diffusion parameter estimation accuracy will be reflected in the estimation of any type of
diffusion parameter (ADC, FA, bulk diffusivity,...etc. parameters). Comparing the accuracy
of ADC maps and ADC trace maps from the experimental DWI scans gives a clear representation of the benefits of the composite system, because it shows the system’s influence on
the most critical portions of the diffusion tensor matrix. The results of this comparison can
be extended to Diffusion Tensor Imaging (DTI) ADC maps because the improved estimation
accuracy will be manifests in every slice of the three dimensional DTI ADC figure (DTI is
discussed in Section 2.2).
3.4

Phantom
Defining the purpose of the phantom gives the framework for determining the materi-

als and the structural geometry to be used in a phantom. For this reason, a simple phantom
designed for DWI scans (and relevant to clinical DMRI applications) was constructed to
obtain proof of concept images and results. Currently, the most common and beneficial uses
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of DMRI in medicine are neural imaging applications. To mimic brain tissue (as seen by the
scanner), materials must have similar T1 and T2* relaxation constants as well as tissue structures that exhibits comparable molecular diffusivity. Figure 3.0 shows approximate values
for the relaxation and diffusivity characteristics of biological materials in the brain. These
values are not exact because they vary from subject to subject and upon several factors such
as age [20].

Table 3.1: Brain material characteristics at 3.0 Tesla

Table Name
water
CSF
White matter Grey matter
T1 s
3.0
1.0 to 5.5
0.832
1.331
T2 ms
2220 166 to 640
110
80
ADC (X 1e-3) 2.17 2.40 to 4.40 0.67 to 0.95
0.72 to 0.93
Brain material characteristics as published in academic literature [21, 22, 23, 24, 20].

For better troubleshooting of a novel system and scanning procedure, a phantom
based on already-proven designs was desired. Unfortunately, academic literature describing
diffusion weighted phantoms is scarce and documentation on phantoms modeling brain tracts
(using DTI) is only slightly more prevalent. The absence of complete and substantiated
information prompted a lengthy period of material experimentation and system investigation.
The initial materials that we evaluated were: deionized (DI) water, a glycerol-water
solution, water doped-CuSO4, and two water-agarose solutions. We chose these materials
for various reasons. Deionized water has well-documented relaxation characteristics and is
commonly used as a reference material for many applications. Water is very prevalent in
the body and will provide high levels of radiated RF energy for signal acquisition because of
its molecular composition (two hydrogen atoms per molecule). Deionized water is different
from the ion found in the body, but DI water was used in this study to reduce certain
image distortions. While DI water was imaged, it has very different relaxation and diffusion
properties than most materials in the brain as is shown in Table 3.0. Previous phantoms
created by the Brigham Young University MRI research group used DI water doped with
copper (II) sulfate (CuSO4) and water-agarose solutions. Water doped with a 10 millimolar
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(mM) concentration of CuSO4 has T1 and T2* values similar to those of brain white matter.
A two percent concentration of agarose in DI water creates a solution that is significantly
more firm (resembling a gelatin) than pure DI water or a 10 mM CuSO4-water solution. A
25% glycerol to water solution was also evaluated because the addition of glycerol, which is
slightly more fluidic than molasses at room temperature, would make the water more viscous
(or less diffusive). The CuSO4-water, agarose-water, and glycerol-water solutions were put
in vials and secured in place inside a container with a four percent agar solution-which was
very solid in nature.
Scanning these materials resulted in surprising findings about the materials and the
composite system. Despite different apparent viscosities, all three vials produced similar
ADC values. The agar-water, agarose-water, and CuSO4-water solutions produced very
similar ADC values that were close to the ADC value obtained for pure DI water. We
believe this is because macro-molecular structure (on a tissue-like scale) can mask atomic
and molecular movement. It was also found that glycerol has a large chemical shift, which
produces a ghosting distortions in the image. Distortions are called artifacts in MRI terminology. This type of artifact appears like an echo of the actual region that is spatially shifted
in the frequency-encoded direction (Figure 3.4).
These results were not readily apparent as issues with the composite system hardware
and scan procedure were also manifest in the images. From these scans, we found that one
set of insert gradient coils had coupling problems between X and Y direction coils as well
as gradient spiking caused by arcing (exacerbated by the dry environment) in the gradient
coil electronics. Another set of insert gradient coils was not able to perform diffusion scans
in all three principles axes.
After these initial tests, more documentation of diffusion phantom materials was
found and different glycerol-agarose-water solutions were selected to provide a range of ADC
values and to target diffusivity similar to that of white and grey matter [21]. A few phantoms
had to be discarded because air bubbles or ionized water produced strong susceptibility
artifacts. Agar also seemed to give some susceptibility problems so agarose was used to
replace it. Although EPI pulse sequences are especially prone to susceptibility artifacts
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due to low imaging bandwidth, the benefits of using the ssEPI sequence still outweigh the
disadvantages [10].
The most obvious and stringent geometric requirement for designing a phantom for
the desired experiments was that it had to fit inside the insert gradient coils and allow loop
coils to be placed around it. Testing a range of expected ADC values was also desirable to
expose possible limitations or to demonstrate the robustness of the system. A phantom with
multiple regions provided a platform to acquire data on several materials simultaneously,
which minimizes error because the images were obtained under precisely the same scan
conditions.
Imaging a large region of isotropic diffusion enables detection of coil coupling or
gradient field inhomogeneity and provides accurate diffusion data because diffusion in each
direction should be the same for such a region. Large regions provide plenty of data for sampling and analysis, but are critical for benchmarking material diffusion parameters because
regions need to provide large enough unrestricted volume for the self-diffusion to dominate
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Figure 3.4: This figure shows the regions where the chemical shift of glycerol causes ghosting
artifacts. The severity is dictated by the concentration of glycerol.
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geometric constraints (such as region boundaries). Cylindrical geometries are optimal because they maximize enclosed area and distance from boundaries while allowing many slices
to be taken along a cylinder’s height. With known phantom geometry and voxel size, some
measure of image quality can be determined by looking at the clarity of region boundaries in
the image and by comparing estimated verses actual region dimensions. More complicated
phantoms, such as those with large volumes of pulsing fluid, can be useful but precisely establishing material characteristics and self-diffusion is essential before introducing additional
effects.

Figure 3.5: This is an image of the diffusion phantom with four vials of various solutions
held in place by a 4% agarose solution. The T and B (top and bottom) markings are used to
designate the orientation of the phantom for scanning and placement inside the insert coils.
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The final geometrical specifications of the diffusion phantom are as follows: a 11 cmdiameter cylindrical polypropylene container that is 14.5 cm tall with four 3 cm-diameter
polypropylene vials epoxied to the bottom of the container. The four vials contain:
1) a 1% agarose : 99% DI water solution,
2) a 15% glycerol : 1% agarose : 84% DI water solution,
3) a 20% glycerol : 1% agarose : 79% water solution, and
4) a 33% glycerol : 1% agarose : 66% DI water solution.
The spacing of the vials from the center of the phantom was relatively equal but
was offset in terms of symmetry so ghosting effects from the glycerol would not spill into
the region of another vial in the image. The vials were encased in a 4% agarose 96% DI
water solution that held the vials in position, reduced susceptibility problems by eliminating
boundaries with air, and provided another material to contrast. Finally, the individual vials
and the entire phantom were sealed tightly to prevent solutions from drying out, which would
alter their concentrations and RF response characteristics.
As mentioned previously, the phantom was scanned without insert gradient coils to
acquire data on the relaxation and diffusivity properties for each region. While the results
were different from those published in the abstract, the values followed the same trends and
were in the same ballpark as those given in the abstract [21].
Table 3.1 shows the experimentally-obtained relaxation and diffusion parameter values for the diffusion phantom compared with values from an abstract titled ’Quality Assurance of MR scanner on Diffusion Tensor Imaging’ [21]. Despite some discrepancies, which
can be explained by phantom materials not being exact and the unsubstantiated nature of
the abstract, our experimental scans show a similar trend as presented in the abstract [21].

Table 3.2: Diffusion phantom characteristics: experimental – abstact values

Exp – Abs values 1%Agarose 4%Agarose
T1 (s)
2.2–2.83
1.96–No data
T2* (ms)
102–118.6
33–No data
ADC (X 1e-3)
2.15–2.11
2.08–No data
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15%Glycerol 20%Glycerol 33%Glycerol
1.67–1.98
1.4–1.85
0.89–1.31
55–62.51
52–60.19
44–83.91
1.33–1.52
1.05–1.29
0.59–0.89

3.5

Simulations
Three computers simulations were created using Matlab 2012a software to evaluate

expected benefits of the composite system and validate scan results. The first simulation, the
Accuracy Simulation, measured the standard deviation of ADC values of a b=1000 s/mm2
diffusion ssEPI scan with two different echo times. An echo time (TE) is pulse sequence
parameter that represents the time between the excitation and signal acquisition steps. For
more information about TE, please see the text and pulse sequence diagrams in Chapter 2.
The simulated scan with a lower TE represents a scan performed by the composite system
(in double mode). As scanner scaling and noise levels vary constantly, incorporation of
experimentally-acquired scan parameters were essential to the fidelity of the simulations.
The first and most critical assumption for the simulations is that the diffusivity of
materials is assumed to be constant. This assumption is valid for stationary regions (where
the phantom or subject is not moving very much) of unobstructed homogeneous material
at constant temperature and where no energy is externally introduced or removed into the
system. For the short echo times of the ssEPI sequence and under stable conditions, this
assumption relatively holds in actual practice for scanning phantoms. In clinical applications,
this assumption does not always hold because of the complex environment of the body and
varying nature of ADC values for most biological structures [20].
A second assumption for two of the simulations is that except for echo times and
proscribed b-values, all scan parameters (such as voxel size and receiver bandwidth) are held
constant for all the simulated scans. This assumption is justified because it reflects experiment procedures. Relative signal levels (corresponding to desired diffusivity, b-values, and
T2* properties) were simulated by using a modified version of Stejskal-tanner equation that
reflects the TRSE pulse sequence. The same timing parameters under which experimental
scans were performed were used for the simulations. Noise levels observed by experimental
scans were artificially added to the large sample set of simulated signal level data in order
to produce comparable results. Corresponding ADC values were then calculated for all the
materials under both scan conditions (both b=1000 s/mm2 but with different TE values).
Finally, the standard deviations of these sets of ADC values were obtained to evaluate an
expected level of improvement in ADC estimation accuracy. Although experimental data
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was not acquired in triple mode, we used Siemens’ Integrated Development Environment for
Applications (IDEA) software to calculate the minimum echo times that the scanner could
run diffusion ssEPI sequences for a b=900 s/mm2 scan (according to a scanner’s standard
imaging mode) and for a b=100 s/mm2 scan (representing the composite system in triple
mode with an effective b-value of 900 s/mm2 ).
Another simulation, the b-value Simulation, was created to evaluate the highest bvalue that could be achieved with the composite system using the same echo time as a
traditional b=1000 s/mm2 scan. This simulation was similar to the Accuracy Simulation,
but this Monte Carlo simulation calculated SNR levels and was used to evaluated a spread of
b-values. The SNR for the standard diffusion scan was then matched to an equivalent SNR
level produced by one of the higher b-value scans (representing scanning with the composite
system).
A third simulation, the Resolution Simulation, evaluated the amount slice thickness
could be reduced and still maintain equivalent image SNR. The premise of this simulation
requires a slight alteration of the second assumption. The Resolution Simulation is very
similar to the b-value Simulation but keeps the b-value and only varies the voxel size. For
this simulator, it is assumed that MR signals (the radio frequency signals emitted by resonating atoms) are distributed equally in a voxel and have the same signal amplitude. As
the actual tissue structure or geometry in the targeted slice is not known, an assumption
must be made in order to relate changes in voxel size to changes in SNR levels. Assuming
equal distribution of MR signal is the best and most logical representation for MR signal
distribution. This assumption is accurate for a voxel capturing signal from a region of uniform material. The deficiency of this assumption is that it doesn’t completely reflect cases
where tissue boundaries in the slice selection direction exist within the original voxel. In
these situations, the actual improvements could be better than those simulated because the
boundary could be eliminated from the targeted slice with the reduction in voxel size. Either
way, the reduced-sized voxel will better represent the region by giving an ADC value closer to
that of the dominant material in the voxel space. The smaller slice thickness also insinuates
that the problems with material boundaries in the slice selection direction will influence a
smaller spatial area.
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Chapter 4
Results
Simulation and experimental scan results are presented and compared in this chapter.
Observations, implications, and discussion related to these results and how the composite
system can benefit Diffusion Magnetic Resonance Imaging are also included.
4.1

Simulation Results
Under the assumptions stated in Section 3.5, the simulations confirmed that the

composite system should achieve the hypothesized improvements and produced quantized
values for those expected improvements. Using the parameters from the experimental scans
to reproduce scanning conditions for a b=1000 s/mm2 (a measure of diffusion sensitivity)
scan, the Accuracy Simulation calculated that the composite system in double mode (as
described in Sections 3.2 and 3.3.1) would achieve an average decrease in apparent diffusion
coefficient (ADC) standard deviation of 1.3e-5, which represents a 18.2% reduction. These
results are shown graphically alongside experimental results in Figures 4.3, 4.3.1, and 4.3.1.
For most of the figures presented in this chapter, the horizontal axis varies the materials for which the data is portrayed. Unless otherwise labeled, the following list correlates
the position or material number along the horizontal axis with the actual chemical solution:
Material 1: 1% Agarose - 99% DI water
Material 2: 4% Agarose - 96% DI water
Material 3: 15% Glycerol - 1% Agarose - 84% DI water
Material 4: 20% Glycerol - 1% Agarose - 79% DI water
Material 5: 33% Glycerol - 1% Agarose - 66% DI water.
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Figure 4.1: SNR levels of traditionally-acquired images with a diffusion scan of b=1000
compared to simulated composite scan images (taken with a shorter echo time and at b=1150).

Table 4.1: SNR simulation results

SNR levels (dB)
Traditional scans
b=0
b=1000
Composite scans
b=0
b=1150

1%Agarose 4%Agarose 15%Glycerol 15%Glycerol 33%Glycerol
316.4
36.9

53.0
6.6

85.6
22.7

125.2
43.9

51.9
28.8

349.0
29.4

71.8
6.6

102.6
22.4

151.8
45.5

65.2
33.2

Results of b-value Simulation show that it is possible to use the composite system’s
ability to achieve a high b-value scan quickly to perform a higher b-value scan in the same
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amount of time and with the same relative signal-to-noise ratio (SNR). This simulator also
verified the correlation between higher SNR levels and lower standard deviation of diffusion
parameters. Table 4.0 as well as Figures 4.1 and 4.1 show the experimentally-obtained SNR
levels for b=0 and 1000 s/mm2 scans compared with SNR levels simulated the same scan
conditions but with a shorter echo time (as achieved by the composite system) and at b=0
and 1150 s/mm2 . Figure 4.1 shows even clearer the equivalence of SNR levels for each region
between diffusion scans of the traditional b= 1000 s/mm2 scan and the b= 1150 s/mm2 scan
with a lower echo time. This 15% increase in b-value could be extended if the composite
system was used in triple mode or for initially targeting higher b-values.
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Figure 4.2: SNR levels for a diffusion scan b=1000 by the body magnet traditionally-acquired
diffusion images compared to SNR levels for a simulated b=1150 composite diffusion scan.

By allocating an extra millisecond of echo time for the narrower slice selection, Resolution Simulation conservatively predicts that slice width can be reduced by at least 10% with
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composite imaging. Figure 4.1 compares the SNR levels for each region when slice thickness
is reduced 10% reduction for composite scans. However, certain materials showed similar
SNR levels between composite scanning with 18% slice thickness reduction and traditional
procedure.
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Figure 4.3: This figure shows SNR levels for two b=1000 diffusion scans but with one scan
being a simulated composite system scan with a reduced voxel size.

4.2

Experimental Images
The following figures show the raw data images produced by the 3 Tesla Siemens

Trio scanner system. The b=0 s/mm2 scans are shown as the first image on the left in
Figures 4.2 and 4.2. As noted earlier, the glycerol substance in three of the vials produce
chemical shift artifacts, which are the lower-intensity ovals above the position of the actual
vials. The first scan set of diffusion images, Figure 4.2, are the images acquired from the
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scanner without the use of the insert coils and represent images that would be obtained by
traditional methods. The second diffusion scan set, Figure 4.2, are images from double mode
imaging with the composite system. The first images in each diffusion scan set are taken by
applying the diffusion gradient in the X direction and reflect the diffusion in that direction.
The second and third images in the diffusion scan set correspond to the Y and Z diffusion
directions. The signal attenuation due to diffusion and the longer echo times of diffusion
sequences is visible in the general decrease in voxel magnitude over the diffusion images. The
images obtained using double mode (Figure 4.2: the b=0 s/mm2 reference scan and Figure
4.2: the second diffusion scan set) are generally brighter because of the decreased echo time
(TE=100 ms compared to the TE=110 ms for the first set of images) and increased SNR.
These images are comparable because they have similar noise levels. It is important to point
out that there are no increases in distortions or artifacts from the first scan set to the second
scan set.
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Figure 4.4: Raw data images produced with only the main MRI scanner’s gradient coils. This
scan represents standard practices.

4.3

ADC Maps
The ADC maps (Figures 4.3 and 4.3) were created by applying the modified Stejskal-

Tanner equation to every voxel of a diffusion image and using the values the corresponding
voxels from the reference (b=0 s/mm2 image of that scan set). The first three ADC maps
of Figures 4.3 and 4.3 quantitatively show the amount of estimated diffusion at every voxel
location corresponding respectively to the X, Y, and Z directions. Trace ADC maps, dis36
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Figure 4.5: Raw data images produced with the composite system scanning in double mode.

played in the farthest right image positions of Figures 4.3 and 4.3, were created by averaging
the values of the three ADC maps in the scan set.
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Figure 4.6: These ADC maps were created from data obtained through standard DMRI
procedures and without the use of insert gradients.
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Figure 4.7: Data from composite system scans (in double mode) was used to create these
ADC maps.
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Figure 4.3 shows the X, Y, Z, and Trace ADC maps for the three scanning procedures:
body magnet scanning only, body magnet scanning with insert gradient coils inside bore
magnet, and scanning with diffusion pulses performed by the composite gradient system. The
body magnet scans without the insert gradient coils inside bore magnet have less distortions
because of better receive coils (eight channel head coil compared to four generic loop coils)

Body img, Body diff No Insert

and because a greater number of scans were acquired and averaged.

x 10

−3

3
2
1
0

Body img, Body diff

x 10

−3

3
2
1
0

Body img, Composite diff

x 10

−3

3
2
1
0
X ADC map

Y ADC map

Z ADC map

combined ADC map

Figure 4.8: This figure shows a side by side comparison of ADC maps of different scanning
configurations.

These scans validated the results of diffusion parameter estimation of the diffusion
phantom when scanning with insert gradient coils inside bore magnet (see Figure 4.3). Scans
in several diffusion directions also verified that isotropic diffusion was being observed in the
excited slices (see Figure 4.3).
The drop in standard deviation of ADC values is different for each region, as is
shown in Figure 4.3. The average drop of these regions was 1.49e-4 which corresponds to an
improvement of 21%. The percentage drop in ADC standard deviation is shown in Figure
4.3. There did not appear to be any correlation between the ADC value of the material and
the amount or percent drop in ADC standard deviation (Figure 4.3)
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Figure 4.9: This figure shows labeled ADC maps that compare composite vs traditional scan
configurations.

Figure 4.10: Consistency of ADC value estimates by different scanning configurations and
diffusion directions.
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0. 5
0

−3

Figure 4.11: The consistency of ADC value estimates across diffusion directions shows the
isotropic nature of the diffusion imaged in the phantom.

Figure 4.12: This figure shows the change in standard deviation of ADC values for each
material in the diffusion phantom.

4.3.1

Validation of Experimental Results
Our confidence in the ADC standard deviation improvements is bolstered by the

Accuracy Simulation. The results of the experimental data are compared to those of the
simulation (under the same scan parameters and conditions) in Figure 4.3.1. The plot shows
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Figure 4.13: The percentage difference in the standard deviation of ADC values for each
material between the two scanning configurations is shown in this figure.

a significant decrease in ADC standard deviation for both experimental and simulation
data; however, the simulation results seem to be shifted in amplitude. This shift can be
accounted by the imprecise T2* measurements of the phantom. Furthermore, the T1 of the
4% agarose solution was longer than the scan repetition time-meaning that for subsequent
scans the 4% agarose solution molecules would not be able to absorb as much RF energy.
Consequently, those molecules would not have as much RF energy to emit and less signal from
that area would be observed. More measurements and fitting of diffusion phantom relaxation
characteristics would drastically improve simulation fidelity. Another consideration is that
the simulations ran 10 million samples while the experimental scans looked at 500 data
samples that were averaged from from eight scans (reflecting at total of 4,000 experimentallyobtained data samples). As shown in Figure 4.3.1, the simulated reductions in ADC standard
deviations are fairly consistent to what was observed.
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Figure 4.14: This figure shows ADC standard deviation changes compared to ADC value of
each material.

Figure 4.15: E

xpected ADC standard deviation levels compared with observed standard deviation levels]
This figure shows the expected ADC standard deviation levels compared with the
experimentally-obtained ADC standard deviation levels.
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Figure 4.16: This figure compares experimental and simulation ADC standard deviation
changes.
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Chapter 5
Conclusion
5.1

Summary of Contributions
This thesis presents several contributions by characterizing the improvements made

by a composite gradient system to Diffusion Magnetic Resonance Imaging (DMRI). These
findings also form a framework for exploring other improvements made by such a system or
from some other technique that can reduce scan time.
This work introduces a metric by which improvements in diffusion parameter estimation can be evaluated. Calculating the standard deviation of diffusion parameters (such as
the apparent diffusion coefficient parameter) in a homogenous region of a self-diffusing material gives a quantitative measure of the quality of the diffusion scanning technique. Using
this metric to test systems is very easy with artificially created scanning targets, which are
called phantoms. This metric has direct clinical applicability to radiologists because it is
proportional to the accuracy of diffusion parameter estimates and to clarity of anatomical
features.
This thesis also details an experiment procedure for evaluating a multi-gradient system or for characterizing improvements made by reducing echo times for DMRI scans.
Another important contribution is the thorough description of a good diffusion phantom and a review of phantom design considerations. Since literature on this area is limited,
the review of materials and experiments should be very beneficial to further DMRI research.
The design of the diffusion phantom is detailed enough for others to produce a similar phantom on their own. The benefits and disadvantages of this phantom design were also presented. While this design provided good geometric features and materials that were similar
to biological tissue, future phantom designs might use nickle-doped agarose-water solutions
in order to eliminate ghosting distortions while matching biological tissue characteristics.
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The simulations presented in this thesis contribute to the field by exploring the powerful tradeoffs that a composite gradient system can exploit in DMRI. These simulations
also provide a reference in order to give credibility to experimentally-obtained results. The
descriptions of the simulations and the discussion of their methods and assumptions should
be valuable to other researchers in their efforts to model DMRI sequences. Better characterization of improvements could be made by acquiring more data according to the experimental
procedures outlined in this thesis and by better characterizing the diffusion phantom.
5.2

Summary of Results
The main benefit of the composite gradient system was observed in simulation to

produce higher signal-to-noise ratio (SNR) levels with an average decrease in ADC standard deviation of 17.8%. The improvements in apparent diffusion coefficient (ADC) value
accuracy directly translate to improved accuracy in estimating other diffusion metrics and
extend to other diffusion scan types such as Diffusion Tensor Imaging (DTI). Simulations
also indicated that tradeoffs could be made to increase diffusion sensitivity or spatial resolution at equivalent SNR. In these cases, the composite gradient system in double mode could
achieve a b-value of 1150 s/mm2 or a slice thickness reduction of 10% and get similar SNR
as a b=1000 s/mm2 .
The experiment analysis included in this thesis represents a significant contribution
because it provides proof of improved DMRI achieved by a real implementation of the novel
system. Specifically, experimental data showed that for equivalent b-value scans, a composite gradient system produces higher SNR diffusion weighted images and enables more
accurate diffusion parameter estimation than a traditional system. The standard deviation
of ADC values for the materials in the diffusion phantom with the composite gradient system
decreased by an average of 19.1% compared with those calculated from traditional scanning
methods. Theoretically the lower echo time enabled by the composite gradient system also
provides the benefits of reduced motion distortions, susceptibility distortions, and peripheral
nerve stimulation risk (which can cause patient discomfort).
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5.3

Recommendations for Future Work
The improvements made by the composite system to DMRI can be even better charac-

terized by performing scans in triple mode and comparing the quality of diffusion parameter
estimation to that of estimates made from data obtained by traditional methods and by the
composite configuration in double mode. Because scanning in triple mode will further reduce
scan time and improve SNR levels, a greater improvement in diffusion parameter estimation
expected. It would also be beneficial to experimentally observe improvements made by the
system to other DMRI pulse sequences (or scan types) such as DTI, Q-ball tractography,
and Diffusion Kurtosis Imaging. Scanning brain-tract phantoms, ex-vivo brains, or in-vivo
brains with the composite system in double or triple mode would provide data to better
evaluate the clinical applicability of the DMRI improvements offered by the system.
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